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Abstract

This paper validates the integrated modeling mcthod-
ology used for design and per for man ce evaluation of
complex opto mechanical sys tenas, particularly space
borne interferometers. Themethodology intepr ates
struct yral modeling, optical imodeling, and control sys
Lo design into a cotmmon environnent, the Inteprated
Modeling, of Optical Systenns (I Al OS) software pack
ape. The validation utilived the Micro Precision -
ter ferom eter (MP) testbed, a ground: hased full-scale
havdwa re model of a sphaceborne interferometer This
papoer presents a comparison of intepr ated model e
dictions with MPPT laboratory measurements, indicat-
ing thatthe integrated modeling, methodology has the
accmacy yequired to evaluate interferometry mission
desip, ns with confidence,

1 Introd uction

Spacebor ne optical inter ferometers provide t he only
feasible method to significantly finprove the angula
resolution anid astromety ic accuracy of conrent astro

nomical telescopes suchasthe 11111)1)1(0 Space Tele
scope (118°37). This partial-aperiwme approachoflers a
nunber of important adva ntages over the traditional
full-aper ture approach including:  contral of systemn -
aticeniors, a sip nificantly lighter instrament yielding
the same petformatice, and iimgroved par fornmance fo
agrvenamounnt of COHNCCLIN, area. However, this ap
proach requires positional stability of optical clements
d ownto the nomometer level as well as lasern et 1ology
1esolution to the picomneterlevel [1, 2} Achieving these
control and sensing requirements is particulaly difli -
enlt because the instrument consists of many optical
clements distributed across a 10 i {lexible truss struc-
ture. To Turther complicate the problem, the st racture
i s excited by mechanical distmbances emanating, e
dominantly from the attitude control system actuators,

The char ter for the Jet Propulsion Laboratory Inter -
ferometa Technology Program is o mitigate visk for
this optical-interferometer mission class [3]. A nume
ber of ongoing, complementary activities address these
challengesinclnding:  integrated modeling, mcthadol

opy developrment and validation, hindwaremetiology
testheds, hardware vibration testbeds, and flight qual-
ificat ion of t he inter ferometer components.  Though
all of these activities are necessary to buy down mis:

sion ri sk, it s iuteg rated modeling that ultimatel y
will be used in the mission and instrument design.
Spec ifically, maodeling, will enable definition and flow
dow nof spaceeraft /instiament requitements, perfor-
man ce of spacecraft./instimnentdesig ntrades, and e

diction of instrument parformance in the anticipated
on orbit distmbance environment.  This paper inves
tig: tes whether the integrated modeling, methodology
has the necessary capability to meet these demanding,
analysis needs.,

111 anticipationof these needs, the Integr ated Mod-
cling, of Optical Systems (I Al OS) and the Controlled
Optics Modeling Package (COM 19 softwar ¢ packages
wer ¢ developed at JPL 4, 5] The integr ated model-
inp micthodolopy combines stiuctural maodeling, optical
madeling, and control system design within a cotnmon
software envitontent, using, these packages. To en-
able validation of the incthodolopy, its dovelopmentin-
tentionally coincided with the phased delivery of the
Micro Precision Inteiferometer testhed (M),

The MPT testhed is apooun d- based, susprended har d-
ware nodel of a fut ure space based inter ferometer lo
Cill (1 atIPL{6,7, 8. The primavy objective of the
testhedis integrationof t he vibration attenuationtech -
nologics required to demonistrate the end-to end opaor-
ation of a space based inter ferometer Figue 1 shows
a bird’s eye view of the testbed which containg all

interferometry measurement. These systems include a




.

¢ x “10 X 6.5 1 softly suspended tuss strachy e
with mountin ¢ plat es for subsystem ha rdware, a six-
axis vibration isolation Syst ein which supports a 1¢a ¢
tion wheel assembly to provide a flight-like input dis
t w ban e SOt ee; a complete Michelson int e1 ferometer
with high-bandwidth optical control s¥s5LCng, jnternal
and exterpal mctrolapy systeng, and a star sinl ator
that Injects the “stellar” signal into the inter ferometer
collecting, aper bures.

Fipgurel: Bird's eye Vit of the MI'T Testbed

A 1 integratedmodel of M) was developed in paral-
lel with the testbed. This modeli ng/Hardware syneigy
resultedin a unique opportunity to validate the model -

ing, methodolopy by compan ing, 111odel predictions with
testhed measwrements. Of the three functions reguined
from the modeling, methodology (performance predic
tion, 1cauirements definition, and design trades), por-
formance prediction was initially deemed the most erit-
ical validation, due to the associated nanor peter-level
positional stability J((II(I[]Cills. As such, this papci
1epor s validation of the integrated modeling, methodol

og, v by comparing, predicted and mcasur ed perfornmance
metries. Although it is necessary 10 validate the model-
ing meth iodology as it is applicd to vibration isolation
and high bhandwidth optical control, validation must
hepin forthe open-loop, hardmounted- disturbance ¢iise
(i.c., no active optics nor vibrat ion isolation). This
paper presents the hardmounited, open-loop M17] inte-
grated model) the performance validation procedure,
and the validationrosultg,

2 Int cgrat ed Modcling,

Inteprated modeling is per formed with two software
packages:  Integrat ed Modeling, of Optical Syster ng
(IMOS) {4 and the Controlled Optics Madelin g, il li-
age (COM ) [5). Both packages have been developed at
the Jet Propulsion Laboratory. IMQO)S is a set of furic-

tions that rut withinthe M ATHAB environment [97,
whereas COMP s a stand-alone, FORTTRAN- compiled
program. A connmercial version of COMP is available
und e the name MACOS (Modeling and Araalysis of
Controlled Optical Systemns).

INMOS is a collection of MATLAB me files that can
be used to perfor m stractmal finite element modeling,
and analysis, optical ray tracing, andthermalanalysis.
IMOS also provides graphics functionality that enables
viewing of st uctural geomet ries, sty uctuval defor ma-
tions, aptical 1ay 1 aces, and optical elemont preserip
tions. The core programs are casily coupled in MA'T
LARB, and cary be extended by the usar by writing his
own MATELAR functions. MATT.AB toolboxes for cory-
trol system design and analysis, signal processing,, and
optitnization are available for enhancing the capability
of IMOIS. Dietailed optical andthennal analysis ave ac-
commodated in IMOS by interfaces with COMP, and
TRASYS and SINDA (for thermal analysis). The inter
face with COMP has been made effor Uess by ereating,
a MATLAB mex-file version of MACOS. The resnlt is
an txUrencly fle xible tool thiat enables the U ser to in-
tegrate models from di levent disciplines and conduct
analysis, design, and optimization trades that would
other wise be exceedingly diflicalt [4].

COMP is an optical analysis and modeling, prograim,
providing, geomett ic ray-trace, difler ential 1 ay-trace,
and diffraction modeling capability.  COMI concen -
t rates on providing, detailed optical models for inte
g1 ated design and analysis taasks, In par ticulan |, the
difierentialray trace capability of COMP canbe 11 se@
to generate lincar par turbation models of opt il sys.
1(111s [5].

3 MI'] Integrated Model

The MPT integrated miodel consists of a stracturat fi
nite ¢lement o del and a lincar Optical mo del that ave
integrated together The struct 1 il model is pencrated
with INOS, whereas both IMOYS and COMP are used
to crcate the optical mo dolL The integration and anal-
vais are performed in MATLAB with the aid of IMOS
functions.

3.1 Structural Model

T I structwralmodel is specified in INQOS as a finite
clement geometry, show i in Figure 2. This peometry
consists of plate, beam, truss, andrig id body clements,
modeling the base trass struc ture and the components.
The base truss structure is made up of three 1)001[1s:
the horizontal optics boom; the ver tical tower , and the
cant ed metrology boorm. The components consist of iu-
board and outhoard optics plates, a disturbance mount
plate, two siderostat mounts, an optics carl containing,




anactive delay line, the optics car t support structure,
a hexapodisolation system, a passive delay line, and
an exter nal et rology beam launcher plate. The finite
elGment HIAACT uses 2,577 d¢ precs of freedom (((1F) of
which 1,837 dofs are independent with respect to the
multi- point constraints (M1°Cs) of the rigid body cle

111("111s (RBEs) [4].

Figare 2: MI°] Finite Element Geometry (compare with
igurel)

Sincethe focus of this cffort is to validate the integrated
modeling, methodology, it is impor tant Lo have a strue
tur al model with accurate proper ties. 1f this inpui to
theinteg) ated modeling, methodology is incoriect, then
the validat ion rCsults would he poor, regar dless of the
accuracy of the modeling et hodology. Forthisi cason,
the plate and bCam properties as wellas the finite cle
ment geometry itsell have beenrefined by incor porating,
MP'1 modal test data into the model. The structural
miodelupdating has been done intwo phases, follow.
ing, the p hased qelivery of the MPI testhed. The first
phase involved estimating the parameters of the beang
comprising, the base truss structure from modal testing,
par fored on the bare truss [10, 1 1], The sceond phase
IV (v( (I geomelry modification and parametarestima.
tion of the aptics cart suppor (struct ure, using, i situ
component modal test data [12, 13].

From the finite clement geometry and its associated
properties the system mass and stiflness matrices are
built. The result is a second-order |, state space descrip
tion of the form:

Md Kd= Iif (1)

where M <md i arve the system noass andstiflnessina.
trices, (1 is thenodalstate, fis avector of force input,
and I3y is the force influence matrix.

After the system miass and stiflness matrices are built,
multi-point constraints are generated using RBY ele-
ments. These constraints take the fonnof [4]:

d), 1, “

1, . .
( (]lu (’m

d, = Gd, (2)

where dy, are the independent deg, rees of freedom and
d, ave the gy 1 ran degrees of freedom. TheseCon-
strai uts arc then applied to FEquation 1, reducing the
state of thie systemn to the independent degrees of free-
(10111

G'MGd, 1 aTRGd, G Iy f
My d A Ky d = By f ®3)

The eigensolution of Equation 3 is found, yiclding,
fiexible-body 1miodes andmodeshapes. The  resultant
diagonalized system is:

ij 278 Q7 I
d = G,y (4)

wherey is the modal state vector, 7 is adiagonal modal
damping, matiix, £ is the diagonal 11 odal frequency
matrix, and ¢, is the cigenvector matvix. 7 is for mcd
by assuring i modal damping, of 0.3% forflexible body
niodes above 32 Hz and damping ranging from (.1 5%
to (.45% for 1110(1('s below 32 Hz. These damping, val-
ues correspond Lo estiinates obtained from the second
phase of modal tests.

3.2 Optical Model

The optical model heging with a specification of the
optical preseription.  This prescription includes the
shapes, positions, and orientations of the optical cle
ients. A ray trace of the optical presaription is shown
in Figure 3. This optical preseription is generated in
IMOS based on t he prescr iption of the actual optical
¢lements of MIPT (see 1 igured). The miodel genera-
tion uses the structural finite element geomet ry inorder
to simplify the prescription definition and to case the
succeeding, st uctural-optical model integrat ion. This
allows the location of the actual optical clements to
be micasured with respect to reference points on the
structure as opposed to w-ith each othier Fur ther more,
st 1 uctural nodes thatcorrespondto optical ele ment at-
tachiuent points are casily identified or defined.

Once the optical presar iptions are specified, they ave
expor 1( (1 to COMP, where lincar optical models are
created. These lincar mwodels are caleulated by per-
forming, an analytic diflerential ray trace (O] The yesult
is alhodel of theform:

y:Cou d )

whered is a vector of optical element postt ion and o1 -
cntation pertwrbations, ¥ is a vectar of optical output,
and Coye 18 the optic al sensitivity matrix. Thie opti-
cal out put can be pathleng (h, wavefiont tilt, or spot
motion.

3.3 Structural-Optical Model Integration
Once the stractural modal model and the linear op
tical model have been created, they are integrated to




Figure 3: Ray trace of the MPY optical prescription on the
finite element geor netry of the optics boom,

Figure 4: Actual optical layout on the M1'] optics boom.

formast | uctural-optical model. T'his integrated model
is specified in first-order, stat ¢-space from, lending, it-
sell most casily to analysis with existing MAT] AR
functions.  In particular, the st ate-spaceintegrat ed
model canbe used for freqeuncy-domain analysis, time
domain simulation, and closed-loop synthesis.

Fiist, the struct mal mo del is truncated to remove
modes above the bandwidth of expected distin ba nees
(i.c.,above 900 117, ) {14, 15].  The tr uncated modal
model is then converted into first-order | State-sime(:
form by using, the substitution [4]:

i )
2 - { 7;: ' (6)
Resulting, in:
@ = Az Bu
d = Cga-t Du (")
with:
A [ ~ ?'/(,)kszk - ?z‘-; | [ q';f",;((;"];, J

; (8)

o (1"]’“}\~ 0 N
Cy - [ 0 (w’d),,kJ D: o0

where the subsaript E refers to the set of kept mode-
shapes.

Finally, the linear optical 1miodel is incorporated into
the first-or der model. The optical output is obtained
by premultiplying, d by the optical sensitivity mnatrix,
Copr- I this case the watrix ¢ of the measurernent
equation of Tiguation 7 becomes:

C: CouCly (9)

Note that the matrix 17 of Fguation 7 is still zero but
now has different dimension.

4 MI'l] Measurernents

The MP1t esthed is dedicated t o the development and
evaluation of vibr ation attenuat ion techmologics.  In
patt, this evaluation consists of observing, the improve-
ment in interferometer performance due ta the appli-
cation of the various technologics. Iuter ferometerper -
formance is primarily degraded by variation in optical
pathlength difference (01°1)), i.¢., the diflerence in the
distances that the light travels from the stellay sout ce,
through cach arm of the interferometer to the interfer-
cnce optical detector. This difference must be stab i-
lized to the 10 tn (f MS) levelin the on-or hitmechan-
ical distm bance envir onment [2].

In contrast to cstimating modal char acter istics as
in [12, 13], disturban ceinput to stellar OPD output
transfer functions were measured since they completely
charvacterize (in a linear sense) the propagation of dis
t urbatces to OPD, Figure d shows the (list urbance in-
put location relative to the 01°1) output location for
the MP'T testbed. This disturbance transfer function
was meas ured for threce force disturbance directions:
(x, v,7). An 111 data analyzey was 11 sed to collect
the data. A 10 N shaker, mounted at the base of the
tower, applied the force input in cach of the three divee-
tions. Thie for ce input was measured with a load cell
mounted between the shaker aud the str (ret ure. The
analyzer calculated thetransferfunctionfromforcein -
putto 01'1) output.

FRINGE S e
DBETECTOR DISTUHRBANCE
oYl SOURCE

Figure b Lacations of disturbance inputand 01°1 ) out put
(1 the MPTtesthed.

b Comparison Metric  and Results

I general on space-based interferometers, mechanical
disturbances will be cither broadband or narrowband
with the encrgy varying, over broad frequency rarges
as a functionof time [14, ]5]. In cither case, the
powerspectral density of the disturban ee is hroadband.
Therefore, the imtegrated mo del should be accurate in
a broadband sense. More specifically, we desive 06,4 10




be accurate, where [16]):

u .\f.nn
G ) @ g(w)dw (10)

for a broadband disturbance power spectral density,
Py(w), aud a disturbance to OPD ransfer function,
G (gw0).

Since Iquation 10 yields the quantity that we wish to
accurately predict, we can use this same equation as
a metric to characterize the measured and predicted
transfer functions. As opposed 1o picking a particular
expected disturbance power spectral densily, bandlim-
ited white noise (over [fiin, fiae]) is used:

\»Q Srnax

T d foin

G (gw)dw (11)

L=3N}

where Ay s the amplitude of the bandlimited white
noise disturbance power spectral density with fy,4, and
Junwar delining the frequency range of interest. oy is
used instead of 04,4 in order to stress that the result is
a metric of the transfer function itself.

Using, this metric, the accuracy of the model can be
quantified by comparing o, for the predicted and mea-
sured transfer functions. As such, the particular value
of the disturbance amplitude is itmmaterial. The ampli-
tude is chosen so that the variance of the disturbance
is onc. This choice is arbitrary, and the value of oy
has no significance by itself. 1t is the comparison of
the metries for corresponding, mncasured and predicted
transfer functions that is meaningful. Generally, it is
desired that OPD variation predictions be accurate to
within a factor of 2. Since the metric o4 is closely re-
lated to OPD variations for broadband noise, the factor
of 2 is applicd as a requirement to the ratio of oy for
the measured and predicted transfer functions.

The modulus of the measured transfer functions, along,
with the corresponding predicted transfer functions,
arc shown in Figures 6-8. The predicted transfer fune
tions were calculated by applyiug standard MATLAR
functions 1o the integrated model with disturbance
force input and OPD output. The value of the broad-
band mctric, also caleulated with MATLAD functious,
is given in the legend for each transfer function.

The results of these comparisons are shown in Ta-
ble 1. The bandwidth of interest is {4, 900] Hz. Be
low 4 Hv the force capability of the shaker is limited
and the testhed suspension modes pollute the mcasure-
ment. Above 900 He the mechanical disturbances arc
expected to have no energy. This bandwidth is fur-
ther broken roughly into decades and comparisons arc
shown for these “decades.” Uunits are not given in the
table so as to discourage the reader from attaching, sip-
nificance to the separate values.
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Figure 6: Predicted and measured MY'T disturbance o
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Figure 7: Predicted and mecasured MI'D disturbance to
OFD transfer function: y-axis force input.

The comparisons for the three force disturbance
trausfer functions show that the broadband metrics
([4, 900] Hz) for the predicted transfer functions are ac-
curate with respect to the measured transfer functions
to well within the desired factor of two. Furthermore,
the comparisons for cach “decade” show accuracies of
better than a factor of three. This indicates that OPD
ariation estimates for colored broadband input should
also be accurate.

6 Conclusion/Future Work

This paper validates the performance prediction capa-
bilities of the integrated modeling, methodology which
incorporates the IMOS and COMP analysis tools. A
metric is proposed that characterizes the disturbance
transfer functions over a broad frequency range. This
metric is simply the expected OPD variation assuming,
a bandlimited white noise disturbance input. Compar-
isons between predicted and measured transfer func-
tion metries show that the model is accurate to within
a factor of 1.5 over the frequency range of interest,
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Table 1: Broadband transfer function metric tem ldentification of the JP'I, Micro-Precision Interferotnetet

comparison  between  the pi(*(]i(:t,(\d and
measured transfer functions of the MPI
Testbed.

[4, 900]) Hz. This is comfortably better than the desired
factor Of two. Jurthenmnore, comparisons of the metric
applied over cach decade in the fi equen cy Tange show

anacCuracy to withinafactor ot tin ec. This indicates

that performance predi ctions for colored broadband in-
put should also be accurate.

However , t his study only addressed the har dinounted-
disturbance, opcen-loop- contr ol configw agion.  Orl £.0-
ing, activities include validation of the miethodology for
various closed-loop config ur ations, inclusion Of distur -
batice torque transfer functions in the valid ation, and
asscssinent of the sensitivity Of these results to the ac-
curacyofl thestincetural 11100 1(° 1.
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